The general theory of relativity predicts that a star passing close to a supermassive black hole should exhibit a relativistic redshift. In this study, we used observations of the Galactic Center star S0-2 to test this prediction. We combined existing spectroscopic and astrometric measurements from 1995-2017, which cover S0-2's 16-year orbit, with measurements from March to September 2018, which cover three events during S0-2's closest approach to the black hole. We detected a combination of special relativistic and gravitational redshift, quantified using the redshift parameter U. Our result, U = 0.88 ± 0.17, is consistent with general relativity (U = 1) and excludes a Newtonian model (U = 0) with a statistical significance of 5s.
G eneral relativity (GR) has been thoroughly tested in weak gravitational fields in the Solar System (1), with binary pulsars (2) and with measurements of gravitational waves from stellar-mass black hole binaries (3, 4) . Observations of short-period stars in our Galactic Center (GC) (5) (6) (7) (8) ) allow GR to be tested in a different regime (9) : the strong field near a supermassive black hole (SMBH) (10, 11) . The star S0-2 (also known as S2) has a 16-year orbit around Sagittarius A* (Sgr A*), the SMBH at the center of the Milky Way. In 2018 May, S0-2 reached its point of closest approach, at a distance of 120 astronomical units with a velocity reaching 2.7% of the speed of light. Within a 6-month interval of that date, the star also passed through its maximum and minimum velocity (in March and September, respectively) along the line of sight, spanning 6000 km s −1 in radial velocity (RV) (Fig. 1 ). Here we present observations of all three events combined with data from 1995-2017 ( Fig. 2) .
During 2018, the close proximity of S0-2 to the SMBH caused the relativistic redshift, which is the combination of the transverse Doppler shift from special relativity and the gravitational redshift from GR. This deviation from a Keplerian orbit was predicted to reach 200 km s −1 (Fig. 3 ) and is detectable with current telescopes. The GRAVITY collaboration (9) previously reported a similar measurement. Our measurements are complementary in the following ways: (i) We took a complete set of independent measurements with three additional months of data, doubling the time baseline for the year of closest approach and including the third turning point (RV minimum) in September 2018. (ii) We used three different spectroscopic instruments in 2018, enabling us to probe the presence of instrumental biases. (iii) To test for bias in the result, we analyzed the systematic errors that may arise from an experiment spanning more than 20 years. (iv) We publicly released the stellar measurements and the posterior probability distributions.
We used a total of 45 astrometric positional measurements (spanning 24 years) and 115 RVs (18 years) to fit the orbit of S0-2. Of these, 11 are new astrometric measurements of S0-2 from 2016 to 2018 and 28 are new RV measurements from 2017 and 2018 ( Fig. 1 ). Astrometric measurements were obtained at the W. M. Keck Observatory by using speckle imaging (a technique to overcome blurring from the atmosphere by taking very short exposures and combining the images with software) from 1995-2005 and adaptive optics (AO) imaging (12) from 2005-2018. RV measurements were obtained from the W. M. Keck Observatory, Gemini North Telescope, and Subaru Telescope. All of our RV observations were taken using AO. We supplement our observations with previously reported RVs from Keck from 2000 (7) and the Very Large Telescope from 2003-2016 (8) . This work includes data from two imaging instruments and six spectroscopic instruments (13) .
We scheduled our 2018 observations using a tool designed to maximize the sensitivity of the experiment to the redshift signal (13) . We predicted that, given the existing data , spectroscopic measurements at the RV maximum and minimum in 2018 would provide the most sensitivity and thus would be ideal for detecting the relativistic redshift ( Fig. 3 ). Although they are less sensitive to the effect of the redshift, imaging observations of the sky position of S0-2 in 2018 also slightly improve the measurement of the relativistic redshift.
The RVs of S0-2 are measured by fitting a physical model (which includes properties of the star, such as its effective temperature, surface gravity, and rotational velocity in addition to RV) to its observed spectrum (13) . The same procedure is applied to the new and archival observations; for the latter, this spectroscopic method improves the precision by a factor of 1.7 compared with previous analyses (14, 15) .
We also characterized additional sources of uncertainties beyond the uncertainties in the fitted model. (i) The wavelength solution, which transforms locations on the detector to vacuum wavelengths, was characterized by comparing the observed wavelengths of atmospheric OH emission lines in the spectra of S0-2 and in observations of blank sky to their known vacuum wavelengths. This comparison shows the uncertainty of the wavelength solution of the spectroscopic instruments to be~2 km s −1 , with some observations from 2002-2004 having lower accuracy between 2 and 26 km s −1 . (ii) Reexamination of the spectroscopic data showed that one spectroscopic instrument [Near-Infrared Camera 2 (NIRC2)] had additional systematic bias from its optical system, which resulted in a systematic offset in RV compared with other instruments.
We include an RV offset parameter in the orbit fit to account for this systematic offset. (iii) We assessed systematic uncertainty by observing bright RV standard stars of the same spectral-type as S0-2 (table S3 ). This systematic error is 1.3 ± 1.2 km s −1 , smaller than the statistical uncertainties and~17% of previous RV measurements of S0-2 (15) . When these sources of systematic error are included in the analysis, the average RV uncertainty of S0-2 is (A) Astrometric measurements of the short-period star S0-2 in orbit around the SMBH Sgr A*, overlaid with our best-fitting projected orbit in the plane of the sky. The origin of the coordinate system coincides with the fitted SMBH center of mass (13) . The x and y axes correspond to offsets in right ascension and declination, respectively, from the SMBH. We used 45 astrometric measurements from 1995-2018, of which 11 are new observations (black circles) and 34 are rederived measurements (dark gray circles). The best-fitting SMBH linear drift has been removed from the measurements. The line of nodes (dashed line) shows the intersection of the orbital plane with the plane of the sky (this line also passes through the position of the black hole). S0-2 moves clockwise in this projection; the star is behind the black hole below the line of nodes and in front of the black hole above the line of nodes. found to be 20 km s −1 for the Keck and Gemini observations. The astrometric positions of S0-2 with respect to Sgr A* were placed in a common absolute astrometric reference frame by using a multistep cross-matching and transformation process. We adopted an improved methodology for obtaining precise astrometry and a more accurate absolute reference frame compared with that of previous work (7) . This resulted in an average astromet-ric uncertainty for S0-2 of 1.1 milli-arc seconds (mas) for speckle imaging and 0.26 mas for AO imaging.
The astrometric and RV measurements are combined in a global orbital model fitting using a standard post-Newtonian approximation that includes the first-order GR corrections on the Newtonian equations of motion, the Römer time delay due to variations in the light propagation time between S0-2 and the observer, and the relativistic redshift. For the astrometric observables, we ignore the negligible effect of light deflection by the SMBH but include a two-dimensional (2D) linear drift of the gravitational center of mass. This drift accounts for systematic uncertainties in the construction of the astrometric reference frame. To our level of accuracy, the RV observable is (13)
where c is the speed of light in a vacuum, v z0 is a constant offset introduced to account for systematic uncertainties within our RV reduction, V Z;S0À2 is the Newtonian line-of-sight velocity of S0-2, V 2 S0À2 =2c is the transverse Doppler shift predicted by special relativity depending on S0-2's velocity V S0À2 , and GM=cR S0À2 is the gravitational redshift predicted by GR incorporating the SMBH gravitational parameter GM (gravitational constant G and SMBH mass M) and the distance, R S0À2 , between S0-2 and the SMBH. U is a scale parameter introduced to characterize deviations from GR; its value is 0 in a purely Newtonian model and 1 in GR (13) . The model has 14 parameters: 6 orbital parameters for S0-2, the gravitational parameter of the SMBH (GM), the distance to the GC R 0 , a 2D linear drift of the SMBH parametrized by the 2D position (x 0 , y 0 ) and velocity ðv x0 ;v y0 Þ of the black hole from the Our measurement is consistent with the GR model at the 1s confidence level, whereas the Newtonian model is excluded at >5s confidence. center of the reference frame, an offset for the RV v z0 , and the redshift parameter U. Several statistical tests were performed to assess systematic effects, using two different information criteria estimators-the Bayesian evidence and the expected logarithm predicted density-to compare models (13) . We examined several sources of systematic uncertainties in the orbital fit: (i) potential offsets in RVs and astrometric positions from different instruments and (ii) potentially correlated uncertainties in astrometric measurements. On the basis of Bayesian model selection, we find that one spectrograph requires an RV offset with respect to other instruments (likely due to optical fringing) (13) . No other instruments require an RV or astrometric positional offset. We include a parameter for the spectrograph RV offset in the model so it is fitted simultaneously. On the basis of the model selection criteria, we also find spatial correlation in the astrometric uncertainties. The correlated uncertainties are modeled with a multivariate likelihood characterized by a covariance matrix. The correlation matrix introduces a characteristic correlation length scale L and a mixing parameter p, both of which are simultaneously fitted with the model parameters (13) . We validated this approach via Monte Carlo analysis, by randomly choosing one astrometric measurement per length scale to empirically estimate the effect of correlation scales. Although the inclusion of these systematic effects does not significantly affect the best-fitting U value, it increases the uncertainties, influencing the precision of the results.
We developed an orbit modeling software package to model the orbits. The software employs Bayesian inference for model fitting, using nested sampling to estimate the posterior probability distribution via the multinest package (16, 17) . We also performed Monte Carlo simulations to evaluate our fitting methodology and show that the statistical uncertainties are robust (13) .
We initially compared a purely Newtonian model with a purely relativistic (U fixed to 1) model. We used the Bayes factor model selection criterion to show that the relativistic model is preferred by the data, with high confidence. The difference of the logarithm of the Bayesian evidence between these two models is 10.68. Expressed as an odds ratio, the GR model is 43,000 times more likely than the Newtonian model in explaining the observations.
We then fitted the more general model that includes the U redshift parameter as a free parameter. The estimated values for the 17 fitted parameters are in Table 1 (the posterior distributions are shown in figs. S10 to S13). The estimation U = 0.88 ± 0.16 and its marginal posterior is shown in Fig. 3C . We estimated the systematic uncertainties due to the astrometric reference frame construction by performing a jackknife analysis on stars used to construct the reference frame. This adds a systematic uncertainty on the redshift parameter of~0.047, which, when added in quadrature with the statistical uncertainties, results in a total uncertainty s U = 0.17.
The measured redshift parameter is therefore 0.88 ± 0.17, consistent with GR at the 1s level, whereas the Newtonian value U = 0 is excluded by >5s. Our estimation also agrees at the 1s level with the measurement by the GRAVITY collaboration (9) . Our experiment is independent from theirs, using a different set of measurements that includes the third turning point. We examined additional sources of systematic error that were previously not considered. The best-fitting model to the RV and the fit residuals is presented in Fig.  2 . A fit using a parameter encoding deviations from GR only at the level of the gravitational redshift gives a = −0.24 ± 0.32, where a = 2(U − 1) is the standard gravitational redshift parameter (1, 13) .
Our observations also constrain two other parameters: the mass of the black hole (M BH ) and the distance to the GC (R 0 ). From our model with U as free parameter, the 68% marginalized confidence interval for M BH ¼ ð3:984 T 0:058 T 0:026ÞÂ 10 6 M ⊙ and R 0 ¼ 7971 T 59 T 32pc, where the first uncertainty is the statistical uncertainty and the second uncertainty is the systematic error s from the jackknife analysis (Table 1 ). If we assume GR is true, then M BH ¼ ð3:964 T 0:047 T 0:026ÞÂ 10 6 M ⊙ and R 0 ¼ 7946 T 50 T 32pc (see supplementary text for discussion). The nested sampling chains are provided in data S3.
The gravitational redshift is a direct consequence of the universality of free fall and of special relativity (18) , and hence of the Einstein equivalence principle, a fundamental principle of GR that provides a geometric interpretation for gravitational interactions. Violations of the equivalence principle are predicted by some theories of modified gravity motivated by the development of a quantum theory of gravitation, unification theories, and some models of dark energy (19) . Although the gravitational redshift has been measured with higher precision within the Solar System (20, 21) , our results and those of the GRAVITY collaboration (9) extend the measurements to higher gravitational redshift and around a massive compact object, a SMBH. Sgr A* has a mass~4 × 10 6 times that of the Sun. This constrains modified theories of gravitation that exhibit large nonperturbative effects around black holes but not around noncompact objects such as those in the Solar System [see (22) (23) (24) and supplementary text]. This redshift test is also performed in an environment that differs from the Solar System, where some theories predict modifications of GR to be screened or hidden (25) .
